Background: No precise tools exist to predict appropriate shocks in patients with a primary pre-
BACKGROUND
The implantable cardioverter defibrillator (ICD) is one of the most effective interventions for the prevention of sudden cardiac death in patients with heart failure and reduced left ventricular ejection fraction (LVEF) with significant mortality benefits demonstrated beyond those of evidence-based medical therapy. [1] [2] [3] However, this mortality benefit comes at a price: ICD shocks can cause significant negative psychological and quality of life effects even if the intervention is life-saving. 4, 5 Therefore, the careful and appropriate selection of patients for a primary prevention ICD is critical, and yet, the criteria available for this selection-primarily guidelines from professional societies-are relatively broad. It is well-known that only some patients with a primary prevention ICD receive appropriate ICD shocks. How to identify these patients accurately before the ICD is implanted remains a challenge.
We conducted the present analysis to determine the risk of appropriate ICD shocks and to identify factors predictive of an appropriate ICD shock in a population of patients that was shown to benefit from a primary prevention ICD in randomized controlled trials.
METHODS

Data sources
We considered patients enrolled in prospective randomized controlled trials of primary prevention ICDs compared with no ICD for inclusion in this analysis. After considering a variety of major primary prevention ICD trials that showed survival benefit from an ICD, sufficient and relevant data for our analysis were only available from the Multicenter Automatic Defibrillator Implantation Trial II (MADIT II) 3 and the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT). 1 Patients from the CABG-Patch trial were not included because they underwent coronary artery bypass grafting and the trial showed no benefit from an ICD. 6 Insufficient data were available from the Defibrillators in Non-Ischemic Cardiomyopathy Treatment Evaluation (DEFI-NITE) trial, 7 Multicenter Unsustained Tachycardia Trial (MUSTT), 2 and MADIT I 8 for inclusion in our analysis. Finally, data from the Defibrillator in Acute Myocardial Infarction Trial (DINAMIT) 9 were not included since no benefit from an ICD was demonstrated in this trial.
Patient population and definitions
Details of MADIT II and SCD-HeFT have been published previously. 1, 3 In general, patients were eligible for these studies if they were adults with reduced LVEF of ≤30% (MADIT II) or ≤35% (SCD-HeFT). There are some important differences between these two randomized trials, but most notably, all patients enrolled in MADIT II had a history of prior myocardial infarction, whereas no such inclusion criterion existed for SCD-HeFT. In addition, while both trials excluded patients with symptoms consistent with New York Heart Association (NYHA) Class IV, SCD-HeFT also excluded patients with NYHA Class I symptoms. Both of the included studies collected data prospectively on patients randomized to a primary prevention ICD versus at least one control group including optimal medical therapy. For the current analysis, the following inclusion criteria were applied to the total populations (MADIT II n = 1,232, SCD-HeFT n = 2,521): LVEF known and ≤35%, NYHA class I-III, and no history of MI or most recent MI more than 40 days prior to enrollment. This resulted in inclusion of 1,103 subjects from MADIT II and 1,622 from SCD-HeFT. Next, we limited our cohort to those subjects randomized to receive an ICD. Thus, the final analysis population included 1,463 patients with 666 from MADIT II and 797 from SCD-HeFT.
In SCD-HeFT, an appropriate shock was defined as an ICD shock for rapid, life-threatening ventricular tachycardia or ventricular fibrillation as adjudicated by two independent reviewers. An "ICD shock" event was designated as one that triggers at least one ICD shock. 10 In MADIT II, shock events were adjudicated by two investigators and were deemed appropriate if delivered for ventricular tachycardia or ventricular fibrillation. An episode could include more than one shock since the episode was considered terminated once the device redetected sinus rhythm. 11 Baseline descriptive statistics of the patient cohort are presented as means ± standard deviations for continuous variables and counts with percentages for categorical variables. Differences between patients with and without any appropriate shocks were evaluated using the 2 or Fisher's exact test for categorical variables and the Student's t-test for continuous variables.
Selection of predictors
First, all variables listed in Table 1 were included in a multiple logistic regression model. Next, a backwards stepwise procedure was applied that would retain variables to minimize the Akaike Information Criterion (AIC) that considers the trade-off between model goodness-offit and model complexity. After this initial selection process, additional variables considered critical to clinical interpretation of the prediction model were added including age, sex, race, diabetes, and kidney disease since these variables were available in both trial datasets. [12] [13] [14] [15] Finally, we gave special consideration to ischemic versus nonischemic heart disease, which has not been predictive of appropriate shocks in most [16] [17] [18] [19] [20] [21] of the investigations in which it has been examined. This variable was found not to be predictive in our model, and when it was forced in, the AUC did not improve. Furthermore, there were insufficient data to investigate ischemic and nonischemic patients separately.
Results were considered statistically significant when two-sided Pvalues were less than 0.05. All analyses were performed with the statistical software R version 3.2.3.
Validation of the prediction model
After the selection of predictors, we developed our prediction model by first randomly splitting the dataset into halves: training and validation sets. The multiple logistic regression model was refit in the training set, and then actual values of the endpoint (indicator of whether the patient had an appropriate shock) from the validation set was compared against the corresponding predicted values. As a result, we obtained the receiver operating characteristics curves (ROC). To validate the performance characteristic of the prediction model, we repeated this process 100 times, and the median and interquartile ranges of the areas under the curve (AUC) were reported.
Review by the institutional review board determined that this research was exempt.
RESULTS
Study population
Our cohort consisted of the 1,463 subjects randomized to primary prevention ICD from MADIT II and SCD-HeFT that met our inclusion criteria. These patients had a median follow-up of 2.59 years (interquartile range: 1.42-3.74). Of these patients, 1,178 (80.5%) TA B L E 1 Baseline characteristics of pooled subjects by presence or absence of any appropriate shock during follow-up and, on average, had lower LVEF and longer QRS duration. Rates of other comorbidities including hypertension, diabetes, smoking, and chronic kidney disease were similar between groups as was the use of guideline-directed medical therapy for heart failure.
Outcomes
The following variables were identified as significantly associated with appropriate ICD shock ( F I G U R E 1 Receiver operator curves. The dataset was randomly split into halves: training and validation sets. The logistic regression model was re-fit in each of the training sets, and then actual values from the validation sets were compared against the corresponding predicted values with the receiver operating characteristics curves (ROC) and the area under the curve (AUC). This process was repeated 100 times to obtain the median and interquartile ranges of the derived AUCs
Development of nomogram
A nomogram for appropriate shock after implantation of a primary prevention ICD was developed with point scales for each of the variables included in the multiple logistic regression model (Supplement).
DISCUSSION
In this patient-level analysis of data from two landmark randomized clinical trials of primary prevention ICDs, we examined rate and predictors of appropriate ICD shocks. Three main findings of this analysis are noteworthy. First, of the 1,463 subjects randomized to a primary prevention ICD, about one in five had at least one appropriate shock over 2.5 years of follow-up. Stated differently, 80% of the patients received no appropriate shocks during follow-up, indicating that a subset of patients may not derive benefit from an ICD. However, our analysis did not investigate which subgroups of patients were least likely to receive an appropriate shock, which is a clinically relevant and important question. Rather, our goal was to improve the ability to identify those patients most likely to benefit from an ICD.
We found that patients receiving an appropriate ICD shock tended to be older and sicker than patients without an appropriate shock. If tools existed to discriminate between patients at high and low risk of shocks, issues including risks of ICD implantation, implications of inappropriate shocks, and cost could be more thoroughly discussed with patients prior to implantation with informed estimates of risks and benefits. Indeed, questions still remain about how to proceed in patients without a pacing indication who reach end of battery life for a primary prevention ICD that has never delivered an appropriate shock especially when the LVEF improves to >35%. [22] [23] [24] Second, in our multiple logistic regression model, we identified significant independent predictors of appropriate ICD shocks during follow-up. These predictors included: a higher NYHA class, a lower LVEF, no treatment with a beta-blocker therapy, and receipt of a single chamber ICD. Some variables that were expected to be significant predictors of appropriate ICD shocks were not and included sex, diabetes, and renal dysfunction, so these variables were "forced" into the model. It is possible that these factors have no real predictive value;
however, a lack of significance as independent predictors in our model may be explained in other ways. For example, there were relatively few women enrolled in SCD-HeFT and MADIT II such that only 119 and 190 women were included in our analysis, respectively, and with fewer numbers, the event rate was quite low in this subgroup. The same is true in regard to ischemic versus nonischemic cardiomyopathy; while this factor was not predictive of appropriate shocks in our dataset, the numbers were small making it difficult to see a difference. In addition, it is likely that the severity of diabetes and renal dysfunction as they are encountered in clinical practice is greater than it is in these two randomized trials. For example, mean creatinine in SCD-HeFT was 1.1 mg/dL, whereas patients with significant renal dysfunction commonly receive a primary prevention ICD in clinical practice. 25 This greater severity of disease may make this factor more powerfully predictive. 26 With or without these additional variables, the model perfor- predictors of appropriate ICD shocks or antitachycardia pacing were examined, and factors associated with increased risk included: male sex, advanced NYHA class, hypertension, renal disease, lack of betablocker use, and history of nonsustained ventricular tachycardia. 27 Our analysis included patient-level data for patients with ischemic and nonischemic cardiomyopathy and did not include antitachycardia pacing as therapy; nonetheless, for those variables available in both analyses (male sex, hypertension, renal disease, NYHA class, and betablocker use), there was overlap in some, but not all, factors predictive of appropriate therapy overall including NYHA class and beta-blocker use. Other investigations not included in this meta-analysis have corroborated those findings. 19, 28, 29 In some cohorts, QRS duration 30 has been predictive of appropriate shocks. Lastly, most of the patients in our analysis received a single-chamber ICD (79%), and this characteristic was predictive of appropriate shocks. This is in contrast to other randomized data demonstrating that patients with a dual chamber device may be more likely to receive an appropriate shock. 31 This may be due to the disproportionate representation of single chamber ICDs in SCD-
HeFT that followed patients for an average of 45.5 months compared with MADIT II in which there was a mix of single and dual chamber devices with an average follow-up of only 20 months.
Other factors that may be associated with appropriate shocks not available for our analysis include: atrial fibrillation, 32,33 history of smoking, 34 history of nonsustained ventricular tachycardia, 12 measures of cardiac remodeling, 12, 35 and depression. 36 Notably, the factors found to be predictive of appropriate shocks in our study are all modifiable to at least some degree.
Even when compared with investigations from high quality randomized studies, our analysis includes a larger population and greater generalizability since it includes patient-level data from two distinct, high-quality randomized controlled trials of patients with ischemic and nonischemic cardiomyopathy.
Third, the fair performance of our model despite nearly a dozen important clinical characteristics highlights the complexity of predicting which patients are most at risk for sudden cardiac death, and this is further complicated by the fact that appropriate shocks are not a perfect surrogate for mortality risk. 19 In addition, it is likely that some of the most powerful predictors of appropriate ICD therapy cannot be easily measured at a single point in time. Indeed, a previous study of the MADIT II population found that worsening of clinical status as measured by interim hospitalizations for heart failure or coronary events led to increasing risk of sudden cardiac death. 35 Emerging tools like late gadolinium enhancement on cardiac magnetic resonance imaging 37 and biomarkers 19, 38 are showing promise for risk stratification in the heart failure population, and these were either not readily available or appreciated at the time of the randomized clinical trials discussed here.
Thus, our findings add to a growing literature suggesting that there is sufficient conflicting evidence to justify a large prospective cohort study of patients with a primary prevention ICD that incorporates promising contemporary tools, like cardiac MRI, to determine who is at the highest risk for an appropriate ICD shock. Such an investigation would lead to a more precise quantification of risk in patients eligible for a primary prevention ICD and, therefore, assist providers in shareddecision making conversations with patients regarding an initial ICD implantation as well as considerations for replacements as time and comorbidities accumulate. [39] [40] [41] [42] Indeed, recent evidence suggests the rate of appropriate shocks in a primary prevention population may be as low as 1.1% at 1 year and 2.6% at 30 months. 43 This further supports the call for a large, prospective cohort study to identify patients with the highest (or lowest) risk of future life threatening arrhythmias in the setting of heart failure and reduced ejection fraction. In addition, the effectiveness of ventricular arrhythmia ablation for the reduction of ventricular arrhythmia burden especially in patients with ischemic heart disease has improved substantially over the same period. These changes likely reduce overall risk of appropriate shocks and, when compared with our population, may change which patient characteristics are most predictive of an appropriate shock. Last, the length of follow-up in our population was relatively short, and it is possible that longer follow-up would allow for the accumulation of more shock events and more ability to identify important predictive characteristics.
LIMITATIONS
CONCLUSION
Using patient-level data from two of the largest randomized clinical trials of primary prevention ICDs, we developed a model to predict which patients are most at risk for an appropriate ICD shock. Our model included age, sex, race, NYHA class, LVEF, diabetes, use of betablockers, eGFR, QRS duration, and single chamber ICD type, which allowed for fair ability to predict appropriate shocks. Of these variables, the following were significant independent predictors of appropriate ICD shocks: a higher NYHA class, a lower LVEF, lack of use of beta-blocker therapy and single-chamber ICD. These findings add to an existing literature based on various data sources that attempt to predict appropriate shocks with conflicting results. There are no precise tools to quantify risk of appropriate ICD shocks. As such, a compelling need remains for a large, prospective clinical trial applying modern
